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Abstract End-functionalization of
biodegradable polymers/oligomers
based on L-lactide and glycolide by
cholesteryl moiety was investigated.
We established the feasibility of
preparing the functionalized poly-
mers/oligomers, Chol-(LG),,, + ,,,
through ring-opening copolymeriza-
tion initiated by cholesterol bearing
a hydroxyl group, without adding
any catalyst. The functionalized
polymers/oligomers of different
molecular weights were obtained by
controlling the feed ratio of the ini-
tiator cholesterol to the monomers.
The chemical structure of end-func-
tionalized polymers/oligomers was
confirmed by FTIR and '"H NMR.
Incorporation of cholesteryl moiety

into the polymer chains induces li-
quid crystallinity in the resultant
oligomers when the molecular chains
are not very long. The enzymatic
degradation studies, for all the
samples, were carried out using en-
zyme, proteinase K. Interestingly,
the enzymatic degradation of cho-
lesteryl end-functionalized poly-
mers/oligomers resulted in a lamella-
like porous structure on the sample
surface, which is altogether different
from the commonly reported spher-
ical-pore structure formed during
the degradation of conventional
polyesters.
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Introduction

Biodegradable polymers belong to the class of the most
attractive biomaterials because of their wide applica-
tions in biomedical fields. Aliphatic polyesters, such as
polylactide (PLA), polyglycolide (PGA) and their
copolymer poly(lactide-co-glycolide) (PLGA), are the
most commonly used and extensively studied biode-
gradable polymers because of their good biocompati-
bility, low immunogenicity and satisfactory mechanical
properties [1].

To satisfy the requirements of specific medical
applications, many modification strategies have been
used to optimize certain properties of the biomaterials,
such as bioactivity and biocompatibility. Recently, the
modification strategies involving the incorporation of

some bioactive or biocompatible compounds, including
lipids, vitamins, hormones, and peptides, to the poly-
mer chains have evoked a lot of interest [2-5]. Cho-
lesterol is a fundamental component of mammalian
membranes. Stupp et al. reported that use of cholesteryl
oligo (r-lactic acid) to modify PLA promoted cell
adhesion [3]. In their study, cholesteryl oligo(rL-lactic
acid) was synthesized by the ring-opening polymeriza-
tion of L-lactide initiated by aluminum alkoxide,
formed by the reaction of triethyl-aluminum with
cholesterol [4, 5].

Because of the wide application and importance of
PLGA in biomedical fields, we investigated the end-
functionalization of biodegradable polymers/oligomers
based on L-lactide and glycolide by cholesteryl moiety in
this study. We used cholesterol, with a hydroxyl group



1092

as an initiator, to initiate the bulk ring-opening poly-
merization of r-lactide and glycolide, without adding
any catalyst, which is quite different from Stupp’s
method. A series of polymers/oligomers, end-function-
alized by cholesteryl moiety, were obtained by the one-
step reaction conveniently. Cholesterol was selected in
our molecular design because of its high thermodynamic
affinity for the cell membrane, universally important
function in all eukaryotic cells, and homeostasis for cell
survival [6-8]. Because these properties are undoubtedly
attractive and important for cell attachment and pro-
liferation, these cholesteryl end-functionalized polymers/
oligomers have promising applications in tissue engi-
neering. Another consideration to incorporate choleste-
ryl moiety into our polymers/oligomers is based upon
the mesogenic nature induced by cholesteryl moiety,
which may have the potential for preparation of self-
assembling drug delivery systems.

Yet another important point of this study is that the
end-functionalized polymers/oligomers were obtained
by the ring-opening polymerization without addition of
any catalyst. This synthesis process is very useful in
biopolymer field since it can be used to prepare the
biodegradable polymers with good biocompatibility
without adding any toxic impurity.

Experimental
Materials

Cholesterol (Bio Life Science & Technology Co. Ltd.,
Shanghai, China) was purified by recrystallization from
ethanol. rL-Lactide (Aldrich) and glycolide (Beijing
Conan Polymer R & D Center) were purified by
recrystallization from ethyl acetate.

Ring-opening polymerization

The polymers/oligomers end-functionalized by cho-
lesteryl moiety were synthesized by the ring-opening
polymerization of rL-lactide and glycolide using choles-
terol, with a hydroxyl group as an initiator, without
adding any catalyst. End-functionalized polymers/olig-
omers with different feed ratios of the initiator choles-
terol to the monomers r-lactide and glycolide were
prepared. The cholesterol/lactide/glycolide feed ratios
for end-functionalized polymers/oligomers coded 1, 2, 3,
4 and 5 were 1/2/2, 1/5/5, 1/10/10, 1/20/20 and 1/40/40,
respectively. The details of polymerization reactions are
as follows. For each polymerization, a mixture of cho-
lesterol, L-lactide and glycolide (total amount 500 mg),
with a certain molar ratio, was prepared by grinding
cholesterol and the monomers together. The well-mixed
mixture was placed in a thoroughly dried silanized glass

flask with a magnetic stirring bar. The flask was evacu-
ated, purged with N, three times, sealed and then im-
mersed in an oil bath, which was preheated to 160 °C, to
carry out the polymerization. After 24-h of reaction, the
product obtained was dissolved in THF and then pre-
cipitated in methanol to remove unreacted monomers.
The precipitated polymer was then isolated by filtration,
washed several times with ether to remove unreacted
cholesterol, and finally dried under vacuum conditions
for 24 h.

For comparison, PLGA was synthesized by the ring-
opening polymerization under the same conditions
without adding cholesterol, using Sn(Oct), as a catalyst.
The concentration of Sn(Oct), used was 0.1 mol%.

Characterization
Fourier transform infrared spectroscopy (FTIR)

Polymers/oligomers were characterized by Fourier
transform infrared spectroscopy (FTIR) (PerkinElmer-2
spectrometer). FTIR (KBr): PLGA: 1,759 cm™ (C=0
in lactyl and glycolyl units). All polymers/oligomers end-
functionalized by cholesteryl moiety had similar spectra
with both signals from cholesteryl moiety and lactyl and
glycolyl units: 1,631 cm™" (C=C in cholesteryl moiety),
and 1,759 cm™! (C=0 in lactyl and glycolyl units).

Nuclear magnetic resonance (NMR)

The 'H nuclear magnetic resonance (NMR) spectra were
recorded on a Mercury VX-300 spectrometer. The sol-
vent for samples, cholesterol and Chol-(LG),,,, was
CDCls, and the solvent for PLGA was DMSO-dg.

Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was used to
determine the molecular weights of polymers. GPC
analysis was performed using Waters HPLC system
equipped with a 2690D separation module and a 2410
refractive index detector. Chloroform was used as an
eluent and the flow rate was 1.0 ml/min.

Polarizing light microscopy (PLM)

The polymers/oligomers were observed by using polar-
izing light microscope (Olympus BX51) with a heating
stage (Linkam THMS-600). The samples were visualized
using crossed polarizers in between which a retardation
plate of 530 nm was inserted. The optical images were
recorded by the software Linksys 2.43.
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Degradation study

Oligomer/polymer pellet samples with a thickness of
50 yum and a diameter of 5 mm were prepared by
pressing the sample sandwiched between two glass slides
on a heating stage (Linkam THMS-600) at 160 °C, fol-
lowed by rapid cooling at room temperature. After
removing one of the glass slides, the enzymatic-degra-
dation study of the cholesteryl end-functionalized poly-
mers/oligomers was carried out in 3 ml of phosphate
buffer solution (pH=7.4) containing 0.6 mg of pro-
teinase K at 37 °C in a shaking water bath. The degra-
dation medium was changed every 48 h to restore the
original level of enzymatic activity. For a given time
interval, samples were withdrawn from the degradation
medium, and washed with distilled water. After wiping,
the samples were vacuum dried at room temperature
before being subjected to analysis. For control com-
parison, the hydrolytic degradation study was carried
out under the same conditions in the absence of pro-
teinase K. The surface morphologies of samples, before
and during degradations, were observed using Hitachi
X650 scanning electron microscope (SEM).

Results and discussion

Synthesis and characterization of end-functionalized
polymers/oligomers

As shown in Scheme 1, Chol-(LG),,, was synthesized
by the ring-opening polymerization of L-lactide and
glycolide without any catalyst. In our investigation, all
polymers/oligomers were synthesized under rigorous
anhydrous conditions. Monomers and initiator choles-
terol were carefully dried to avoid the initiation by

Scheme 1 Synthesis of Chol-
(LG)n1+n

Cholesterol

water, which would lead to a mixture of PLGA and
Chol-(LG),;,+,- The optimized ring-opening polymeri-
zation conditions were identified to be 24 h at 160 °C.
Under the optimized reaction conditions, the monomers,
L-lactide and glycolide, can be efficiently initiated by the
OH group of cholesterol thus leading to the formation
of Chol-(LG),,+, after polymerization.

The chemical structure of functionalized polymers
was verified by FTIR and 'H NMR. Figure 1 shows
the '"H NMR spectra of cholesterol, PLGA, and Chol-
(LG)u+n 2 as a typical example of functionalized
polymers/oligomers. In the spectrum of Chol-(LG),,+,
2, the typical signals from the cholesteryl moiety and
the lactyl and glycolyl units can be observed at 0.68,
0.86, 0.88, 0.94 ppm (cholesteryl moiety: CHj),
5.34 ppm (cholesteryl moiety: CH=C), 4.65 ppm
(cholesteryl moiety: CHOCO), 1.60 ppm (lactyl unit:
CH3), 5.20 ppm (lactyl unit: CH) and 4.84 ppm (glyc-
olyl unit: CH,). By comparing the '"H NMR spectra of
cholesterol and Chol-(LG),,,+, 2, we find that the signal
at 3.49 ppm (CHOH) in cholesterol disappears after
the reaction because the OH group changes to OCO
and the signal of the pervious H shifts to the lower
field, indicating there is no residual cholesterol existing
in the product of 1polymerization initiated by choles-
terol. From these "H NMR spectra, we confirm that
the ring-opening polymerization initiated by OH group
is successful. Because of the different chemical envi-
ronments caused by the different sequences in a poly-
mer chain, the resonance of a particular H atom
usually separates into several peaks. A good example is
the resonance at 4.84 ppm in 'H NMR spectrum of
Chol-(LG),,+, 2, which separates into several peaks.
From this spectrum, we can conclude that the two
kinds of repeating units are randomly distributed in the
polymer chains [9, 10].
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Fig. 1 "H NMR spectra of
cholesterol, Chol-(LG),,+, 2
and PLGA
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From the '"H NMR spectra, we can further calculate
the molar ratio of cholesterol to lactide repeating units
and glycolide repeating units in the polymers/oligomers
by comparing the integration values of the CH; peak
(0.68 ppm) of cholesteryl moiety, the CH peak
(5.20 ppm) of lactide repeating units and the CH,
peak (4.84 ppm) of glycolide repeating units. The results
are listed in Table 1. The ratios of lactide repeating units
to glycolide repeating units in the copolymers are lower
than the corresponding monomer feed ratios for all the
samples, indicating glycolide has a higher reactivity as
compared to lactide under the reaction conditions we
investigated. For samples 1, 2 and 3, the numbers of
lactide repeating units and glycolide repeating units, m

and n, are higher than the monomer feed amounts,
especially for the samples with high cholesteryl content.
Whereas for samples 4 and 5, m and n are lower than the
monomer feed amounts. This result is quite reasonable
and the explanation is as follows. If the initiator content
in the reaction system is relatively high, the polymeri-
zation proceeds rapidly and the chain length increases
fast once the initiation starts. As a result, a small num-
ber of cholesterol molecules may still remain in the
polymerization system, which are removed by washing
with ether after the reaction. In contrast, if the initiator
concentration in the reaction system is very low, all
cholesterol molecules become initiation centers, thus a
small number of monomers may still remain in the
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Table 1 Synthesis and molecular weights of Chol-(LG),,+, polymers/oligomers and PLGA

Polymer/ Feed ratio cholesterol/ "H NMR Lactide repeating Yield (%) GPC
oligomer lactide/glycolide unit/glycolide repeating unit
(mol/mol/mol) in polymer/oligomer m/n M, (g/mol) M,/M,
1 1/2/2 2.8/4.0 40 1,790 1.80
2 1/5/5 5.2/7.6 42 2,324 1.84
3 1/10/10 10.0/12.0 48 4,490 1.60
4 1/20/20 13.3/17.0 53 6,140 1.31
5 1/40/40 28.6/37.4 59 8,168
PLGA 0/50/50 50.0/50.3 97 26,378

polymerization system although the unreacted mono-
mers are removed after polymerization.

Because there is no residual unreacted cholesterol
existing in the products, by comparing the integration
values of CH (/") and CH, (j') of the terminal lactyl unit
and terminal glycolyl unit and the integrals of the cho-
lesteryl moiety, we can determine the degree of end
functionalization, which is defined as the end-function-
alized polymers/oligomers as a portion of all polymeri-
zation products. For Chol-(LG),,+, 1, 2 and 3, the
signals are strong enough to perform the calculation, the
calculated degrees of end functionalization for Chol-
(LG)yi+n 1, 2 and 3 are 1.0, 0.9 and 1.0, respectively.
However, for Chol-(LG),,+, 4 and 5, it is very difficult
to identify the signals unambiguously due to the rela-
tively low content of the end groups.

In our study, a series of functionalized polymers/
oligomers with different molecular weights were syn-
thesized. As shown in Table 1, the molecular weight of
Chol-(LG),,+, could be controlled by adjusting the feed
ratio of the initiator cholesterol to the monomers. The
molecular weight M), increases with the decreasing ini-
tiator content, indicating that the OH groups in cho-

Fig. 2 PLM images of Chol-
(LG)m+n1,2,3,4,5and PLGA

lesterol molecules are effective propagation centers.
GPC results show that all functionalized polymers/
oligomers prepared have unimodal molecular weight
distributions, and the molecular weight distributions for
all samples are reasonably narrow, ranging from 1.31 to
1.84.

Because of the mesogenic nature of cholesteryl moi-
ety, theoretically, the end-functionalized polymers/olig-
omers with certain molecular weights should exhibit
liquid crystallinity in particular temperature ranges. In
order to examine the liquid crystallinity of Chol-
(LG),,+ ., We characterized our samples by PLM. The
PLM images are shown in Fig. 2, and transition tem-
peratures are summarized in Table 2. As expected, the
samples 1, 2, and 3 show liquid crystallinity at certain
temperature ranges. For example, sample 1 shows a
transition of solid state to liquid crystalline state at
66 °C, and a transition of liquid crystalline state to
isotropic state at 116 °C. A similar phenomena could
also be observed for samples 2 and 3. The transition
temperatures increase with the increasing molecular
weight. The typical liquid crystal textures observed in
the temperature ranges in which liquid crystallinity
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Table 2 Properties of Chol-(LG),,+, polymers/oligomers

Polymer/oligomer PLM Temperature range in
which liquid crystallinity

is exhibited ( °C)

66-116
80-125
86-128
No obvious liquid crystallinity
No obvious liquid crystallinity

NA W -

exhibits are shown in Fig. 2 (1, 2, and 3). For samples 4
and 5, no clear liquid crystallinity could be observed
because of the low content of cholesteryl moiety in the
polymer chain. The morphologies during the melting of
samples 4, 5 and PLGA are also shown in Fig. 2.

Degradation of end-functionalized polymers/oligomers

The enzymatic degradation of PLA polymers has been
investigated by several groups [11-14]. Proteinase K is
one of the enzymes having significant effect on the
degradation of poly(L-lactide) [11]. It was reported that
proteinase K preferentially degraded r-lactyl units as
opposed to D-lactyl units [12-14]. In our study, both
enzymatic degradation and hydrolytic degradation of all
the end-functionlized polymers/oligomers and PLGA
were investigated. The surface morphologies of

Fig. 3 SEM images of Chol-
(LG)m+n1,2,3,4,5 and
PLGA, a before degradation,
b after enzymatic degradation
for 24 h, ¢ after hydrolytic
degradation for 24 h

1 2 3 4 5 PLGA
a

Chol-(LG),,+, 1, 2, 3, 4, 5 and PLGA before degrada-
tion and after degradation for 24 h are compared in
Fig. 3, and the corresponding weight losses of these
samples are listed in Table 3. Before degradation, all
samples had smooth surface (Fig. 3a). After enzymatic
degradation for 24 h (Fig. 3b), Chol-(LG),,,+, 1 showed
a porous surface and with the weight loss of 14.5 wt%.
A few pores appeared on the surfaces of Chol-(LG),,+,
2 and 3. The surfaces of Chol-(LG),,+, 4 and 5 were
highly porous. Consistently, these two samples had very
high weight loss values, 85.0 wt% and 80.0 wt%,
respectively. The enzymatic degradation also resulted in
the formation of a lot of pores on the surface of PLGA.
Clearly, proteinase K showed significant effect on the
degradation for all the samples. The difference in the
weight loss values for different samples indicate there are
two factors affecting the degradation rate: the molecular
weight of the samples and the content of cholesteryl
moiety in the polymers/oligomers. Taking account of the
molecular weight, according to the previous studies [15],
the lower molecular weight results in faster degradation
rate. In view of cholesteryl moiety content, our experi-
mental results strongly imply that a higher cholesteryl
moiety content causes a slower degradation rate. In our
investigation, the sample with a higher cholesteryl moi-
ety content had a lower molecular weight. As a overall
effect of these two competitive factors, Chol-(LG),,+, 4
and 5 had relatively fast degradation rates because their
low cholesteryl moiety content had a dominant effect.
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Table 3= Weight losses of Chol-(LG),,+, polymers/oligomers and ~ Chol-(LG),,+, 2 and 3 had relatively slow degradation
PLGA after degradations for 24 h rates as compared to Chol-(LG),,, 4 and 5 since their

Polymer/ Weight loss after Weight loss after high cholesteryl r_noiety content had a critical role to

oligomer enzymatic degradation hydrolytic degradation ~ play. For comparison, the morphologies of the samples

for 24 h (Wt%) for 24 h (wt%) after 24-h hydrolytic degradation in the absence of en-

zyme are shown in Fig. 3c. Chol-(LG),,+, 4, which had

; §49'5 421(5) the highest weight loss, showed a porous surface. For

3 16.4 54 Chol-(LG),,+, 1, 2, 3 and 5, only small pores coulgi be

4 85.0 142 observed on the sample surfaces. For PLGA, no obvious

5 80.0 6.8 morphological change and weight loss was detected after
PLGA 62.7 0

24-h hydrolytic degradation.

Figure 4al shows the surface morphologies of Chol-
(LG),,+, 2 after enzymatic degradation for different
time intervals, and Fig. 4a2 shows the surface mor-

Fig. 4 SEM images of Chol-
(LG),,+, 2 and PLGA, al
Chol-(LG),,+, 2 after enzy-
matic degradation for different
time intervals, a2 Chol-
(LG),+n 2 after hydrolytic
degradation for 96 h, b1 PLGA
after enzymatic degradation for & - 2 L Bl
different time intervals, b2 Bef d dati 24h 48 h M h 96 h
PLGA after hydrolytic degra- ore degradation

dation for 48 h al

Before degradation 12h 24 h 36h
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Fig. 5 Comparison of weight losses during degradations under
different conditions: al enzymatic degradation of Chol-(LG),,,+, 2
in the presence of proteinase K, a2 hydrolytic degradation of Chol-
(LG),,+, 2 in the absence of proteinase K, bl enzymatic
degradation of PLGA in the presence of proteinase K, and b2
hydrolytic degradation of PLGA in the absence of proteinase K

phology of Chol-(LG),,+, 2 after hydrolytic degrada-
tion for 96 h. The surface morphologies of PLGA after
enzymatic degradation and hydrolytic degradation are
presented in Fig. 4bl, b2, respectively. After the enzy-
matic degradation, a lot of pores formed on the surface
of PLGA (Fig. 4bl). The pores were spherical in shape
with circular interconnections. This kind of connected
spherical-pore structure has been widely reported in the
previous literatures [13, 14, 16]. Interestingly, the enzy-
matic degradation of Chol-(LG),,+, 2 resulted in a to-
tally different surface morphology (Fig. 4al)—the
lamella-like porous structure. Based on our observation,
we found that all the cholesteryl end-functionalized
polymers/oligomers showed a similar lamella-like por-
ous structure when their weight loss values reached a
certain level during enzymatic degradations. This inter-
esting phenomenon might be because of the existence of
cholesteryl moiety in the polymer/oligomer chains,
which resulted in the different degradation rates in dif-
ferent regions of the sample surfaces. During hydrolytic
degradation, only spherical pores could be observed for
Chol-(LG),,+, 2 for the same degradation time. The

weight losses of Chol-(LG),,+, 2 and PLGA after dif-
ferent degradation time intervals are shown in Fig. 5.
During the enzymatic degradation, Chol-(LG),,,+, 2 had
a much lower weight loss as compared to PLGA for the
same time intervals. Whereas, during the hydrolytic
degradation, the weight losses of Chol-(LQG),,+, 2 were
higher than that of PLGA. As mentioned earlier, during
the enzymatic degradation, the high cholesteryl moiety
content in Chol-(LG),,,+, 2 had a dominant effect, which
resulted in the slow degradation rate. While, during the
hydrolytic degradation, the low molecular weight of
Chol-(LG),,,+, 2 played an important role, leading to a
higher weight loss value. For PLGA with a relatively
high molecular weight, in the initial hydrolytic degra-
dation stage, no obvious weight loss could be detected
even when the degradation might have resulted in a
decrease in the molecular weight.

Conclusions

Novel biodegradable polyesters end-functionalized by
cholesteryl moieties were successfully synthesized by the
ring-opening copolymerization of r-lactide and glycolide
initiated by cholesterol, bearing a hydroxyl group,
without adding any catalyst. The polymers/oligomers
with different molecular weights could be obtained by
adjusting the initiator/monomer feed ratio. Because of
the incorporation of cholesteryl moiety, some oligomers
exhibited liquid crystallinity in particular temperature
ranges. Proteinase K shows a significant effect on the
degradation for all samples. Two competitive factors
affect the degradation rate: the molecular weight of the
samples and the content of cholesteryl moiety in the
polymers/oligomers. Interestingly, the enzymatic degra-
dation of cholesteryl end-functionalized polymers/olig-
omers results in the lamella-like porous structure on the
sample surfaces, which is totally different from the
connected spherical- pore structure formed during deg-
radation of PLGA.
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